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Abstract

SEARCHING FOR CLEAN OBSERVABLES IN B — D*r~ v, DECAYS

By Michael David Williams
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In this thesis, the clean angular observables in the B — D*T¢~ 1, angular dis-
tribution is studied. Similar angular observables are widely studied in B — K*u™ i~
decays. We believed that these angular observables may have different sensitivities

to different new physics structures.
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INTRODUCTION

In this thesis, a theoretical study on semi-leptonic decays of the B meson of the form
B — Dlvy and B — D*(v, is conducted. Here, B refers to the B meson, D and D* are
bound states of charm and down quarks, ¢ stands for charged leptons (electron, muon,
or tau) and v, stands for neutral leptons (electron neutrino, muon neutrino, or tau
neutrino). Many physical observables have been studied in these decays with regard
to the Standard Model. There are two recent experimental measurements that report
a large deviation from the Standard Model predictions, one of these measurements is
Rp and is the ratio between the decay rates of B — D7y, and B — Duv,, and the
other measurement is Rp+, which is the ratio between the decay rates of B — D*7v;,
and B — D*uv,. These ratios are considered to be theoretically clean observables
and the reported deviations are a significant indicator for the existence of new physics.

Many theoretical papers [1][2][3] have addressed the anomalous results in Rp and
Rp+ measurements with models other than the Standard Model. The explanations in
models such as "supersymmetry” and ”leptoquark” are promising. This work focuses
on studying this issue in a model-independent way, such as Duraisamy et. al. has
in [1)[4)[5][6][7][8][9]]10][11]|12]. The contributions to Rp and Rp« from new types
of interactions, as well as the full angular dependence of the semi-leptonic decyas
B — D*{vy,, were proposed in these works. A large number of observables were
obtained from this angular dependence whose sensitivity to new physics effects was
analyzed.

The new angular observables from B — D*{v, decays are currently being studied.
These observables are expected to have low uncertainties from various theoretical

inputs such as form factors. Therefore, they are expected to be theoretically clean



observables and a good place to search for physics beyond the Standard Model. In
this thesis, the following tasks are focused on:

1. Theoretical background for the Standard Model and applicable theories are
gone over in detail.

2. The kinematics, form factors, and angular analysis for B — D*{v, are exam-
ined.

3. Region plots, scatter plots, and clean observables from numerical analysis are
obtained for B — D*fv,. The work concludes with future work that should be done

in this field.



CHAPTER 1

THEORETICAL BACKGROUND

This chapter goes through a brief overview for the motivation and the theoretical
background of particle physics and the Standard Model. The chapter then discusses
B mesons and some of their useful properties as it pertains to this work. The chap-
ter concludes with a variety of fields and propagators that will be useful in finding

numerical results of clean observables.
1.1 The Standard Model

The Standard Model (SM) was developed in the late 20th Century to give the
best description available of the known elementary particles and fundamental forces.
An elementary particle is a title given to particles that cannot be broken down further
into other subgroups. The Standard Model can be categorized into four groups, these
groups include quarks, leptons, gauge bosons, and scalar boson|[13]. The quarks and
leptons also each have respective anti-particles that are included in their categories.
Along with it being a collection of previously known details of elementary particles,
prior to being experimentally verified the SM was able to theoretically predict the
existence of the Higgs boson, the top quark, and the tau neutrino[14].

Many predictions the SM made were eventually verified to a high precision. Al-
though this likely seems like Einstein’s elusive "Theory of Everything”|15] at first
glance, this is most certainly not the case. The model does a fantastic job of de-
scribing three out of the total four fundamental forces in the universe, leaving the

theory of gravitation out[16]. Along with this obvious omission there also exist some



lesser known points where the theory fails. One of these failures can be seen from
observational cosmology, according to this field, the universe should contain a particle
that describes the properties of dark matter|[17], the SM does not account for such a

particle and as such, falls short again.
1.1.1 Leptons

A lepton is an elementary particle that is a fermion and also does not undergo any
strong interactions. There are three generations of leptons and for every successive
generation the mass increases but the charge stays constant. Each lepton is assigned
a lepton number and through a process, that number must be conserved[18|[19]. Each
generation includes one charged particle and one uncharged particle[16].

The first generation of leptons features the electron (charged) and the electron
neutrino (uncharged). The second generation features the muon (charged) and the
muon neutrino (uncharged). The third and final generation features the tau (charged)
and the tau neutrino (uncharged). The electron and electron neutrino have anti-
particles of positrons and electron antineutrinos, respectively. The muon and muon
neutrino have anti-particles of antimuons and muon antineutrinos, respectively. Fi-
nally, the tau and tau neutrino have anti-particles of antitaus and tau antineutrinos,

respectively|18][19].
1.1.1.1 Spin

Because these particles are all fermions, they must obey the Pauli exclusion
principle in that no two leptons of the same species can be in exactly the same state
at the same time. A generalization can thus be made that a lepton can only be
spin up or spin down. In short, there is no classical analog to spin, although it can

be described as an intrinsic property of angular momentum and it does contribute



to the angular momentum. The orbital angular momentum can be thought of
as the quantum-mechanical equivalent to the classical angular momentum of orbital
revolutions. The spin and orbital angular momentum give a complete description

of angular momentum in quantum mechanics.
1.1.1.2 Helicity

When a particle has momentum and spin in the same direction, the particle is
referred to as right-handed. Alternatively, when a particle has momentum and anti-
aligned spin, the particle is referred to as left-handed. This direction of a particle’s
spin relative to its momentum is called helicity. Mathematically, helicity can be
explained by projecting the spin vector onto the momentum vector, if the resulting
sign is positive then the particle is right-handed and if the resulting sign is negative

then the particle is left-handed[21].

a.) Right Handed b.) Left Handed

-
-

N R S

Fig. 1. (a) A particle with right-handed helicity can be seen. This can be seen as the
spin vector is in the same direction as the momentum vector. (b) A particle
with left-handed helicity can be seen. This can be seen as the spin vector is in

the opposite direction as the momentum vector.

1.1.1.3 Parity

Employing use of a parity transformation implies the change in sign for a spatial

coordinate. A parity inversion forces a situation into its mirror image and thus, a



right-handed coordinate system becomes a left-handed coordinate system under a

parity transformation[22].
1.1.1.4 Anti-Leptons

For the charged particles, the respective anti-leptons flip the sign of the charge.
Because each charged lepton has the same negative charge, each charged anti-lepton

has the same positive charge.
1.1.2 Quarks

A quark is an elementary particle that is a fermion and also undergoes all of the
fundamental interactions. Just as there are three generations of leptons, there are
also three generations of quarks and for each successive generation the mass increases.
Dissimilar to leptons, each different quark is given a flavor quantum number, labelled
as isospin, charm, strangeness, topness, and bottomness. The anti-quarks have the
opposite charge of their respective particle and each quantum number has the opposite
sign.

The first generation of quarks features the up quark and the down quark where
this generation is the most basic of the three. The up quark has a charge of +2/3
and the down quark has a charge of —1/3. The second generation features the charm
quark and strange quark where the charm quark has charm number of +1 and the
strange quark has a strangeness number of —1. The charm quark has a charge of
+2/3 and the strange quark has a charge of —1/3. The third and final generation
features the top quark and bottom quark where the top quark has a topness number
of +1 and the bottom quark has a bottomness number of —1. The top quark has a

charge of +2/3 and the bottom quark has a charge of —1/3[19][21].



Quark Name | Symbol | Mass (MeV / ch) (4] Bl|s|c|lB|T
Down d mg ~ 0.3 -1/3]1/3 0]01]0

Up u my ~ Mg 2/3 |1/3 0]01]0
Strange 5 m; = 0.5 -1/3]1/3(-1]0]0 |O
Charm ¢ me = 1.5 2/3 [1/3 1{o0 |0
Bottom b mp = 4.5 -1/3]1/3 0]-11]0
Top t m ~ 174 2/3 [1/3 01011

Table 1. Above table shows each quark and its symbol, mass, electric charge (Q),
baryon number (B), strangeness (S), charmness (C), bottomness B, and
topness (7")[13]]16]

1.1.3 Gauge/Scalar Bosons

The two varieties of elementary bosons within the SM consist of scalar bosons and
gauge bosons. Bosons obey Bose-FEinstein statistics, implying they have an intrinsic
spin equal to an integer. The lone scalar boson within the SM is the Higgs boson,
a key component of this particle is its spin equaling zero. The remaining gauge
bosons all have a spin of one and are force carriers that mediate three of the four
known fundamental interactions. Essentially, the SM explains forces as an exchange

of matter particles and other particles.
1.1.3.1 The Electromagnetic Force

The first force to be discussed is the electromagnetic force. This force is re-
sponsible for the interaction of particles with electricity and magnetism. The boson
associated with this force is the photon and is massless with an electric charge of
zero. All electrically charged particles can be explained using Quantum electrody-

namics (QED)[13][21].



Particle

. Leptons narks
(Generation P Q
. Ve e d u
First
Generation
V 1 s
H £
Second N
[=] O '__'
Generation :
. V; T b 2Tt N
Third o O) f \.:
Generation - - \ Y,
N s
e

Fig. 2. The above figure shows the mass differences of each generation of quarks and

leptons by depicting relative spheres[13][1§]
1.1.3.2 The Weak Force

The second force with a force carrier in the SM is the weak force. This force
affects all of the fermions in the SM by way of flavor changing and weak decay.
There are three associated bosons for the weak interaction, they are the Z, W~ and
W™ bosons. Although all have nonzero mass, the Z boson is the most massive of the
three and is electrically neutral. The Z boson interacts with left-handed particles and
antiparticles. The distinguishing difference of W+ and W~ is their electric charge;
the VW boson has an electric charge of positive one and the W~ boson has an electric
charge of negative one. Both the TW* bosons act on left-handed particles and right-
handed antiparticles. When the W* bosons, Z boson, and the photon are grouped
together, there is a theory that combines all three, known primarily as the electroweak
interaction[13] .

In general, the W* boson in the weak interaction changes the electric charge of

an elementary particle causing either a change in flavor of the quark or changing an



electron, muon, or tau into its respective neutrino. Thus, the W bosons are the
mediators of neutrino absorption and emission. The Z boson will not transform an
electric charge, however, instead mediates the transfer of momentum, energy, and

spin as elastic scattering of neutrinos occur.
1.1.3.3 The Strong Force

The final force with a force carrier explained in the SM is the strong force.
This force affects the strong interactions between quarks. The associated boson is
the gluon, which is massless. Typically, quarks are described as being color charged
and so are the gluons. This means that while the quark-quark interaction can be
explained using gluons, the gluons themselves can also interact amongst themselves.
Consequently, the gluons and the interactions are described by the theory of quantum
chromodynamics (QCD). The inside of a nucleus is made up of quarks, which are in
turn held together by a color force. The gluons carry a color charge and an interaction
between a gluon and a quark will result in a quark that is a different color than the

previous quark|21].
1.1.4 Hadrons

The SM contains information on elementary particles, although it is known that
the majority of the observable universe is not referred to as each individual quark
or lepton. Instead, as the elementary particles group together there are names given
to the respective groupings. When two or more quarks are held together (it should
be noted that there has never been experimental evidence of a single quark, they are
always in a group of at least two) then the name of such a composite particle is a
hadron|13].

The two main families of hadrons consist of baryons and mesons. In order to



be classified as a baryon, the constituent particle must consist of an odd number of
quarks. In order to be classified as a meson, the constituent particle must be made of
an even number of quarks. Because each quark is classified as a fermion, having an
even number of quarks in a particle causes the spin to be a whole integer, thus making
mesons be classified as bosons, similarly an odd number of quarks in a particle causes

the spin to be a half integer, thus making baryons be classified as fermions|13][18].
1.1.4.1 Mesons

It is very typical for a given meson to be made up of only two quarks, although
generally speaking, there will be one quark and one antiquark bound together by
the strong force. There exists no meson that is stable, meaning that every single
particle will decay to eventually leptons (when the meson is charged) or photons
(when the meson is uncharged)[24]. An antimeson is created when the quark and
antiquark pair turn to their respective antiparticles. For instance, if a meson had a

quark composition a3 where o and 3 are given quarks, then the antimeson would be

ap.

Particle | Quark Composition | Mass (‘i—;‘) e|S|C B
at ud 140 +1lo]ofo
K" K3 494 -1]-1]0]0
D~ de 1869 -1]10|-1]0
D7 c3 1969 1 1 1 (0
B bu 5279 -1]101]0|-1

Y bb 9460 olofo]o

Table 2. The above table shows a few common mesons, their quark composition,
mass, electric charge (@), strangeness (.5), charmness (C'), and bottomness
B[13][16][18][19][21].
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1.1.5 Physics Beyond the Standard Model

As more topics are researched regarding particle physics, the SM does not change.
Instead, these newfound topics are included in a category known as New Physics (NP).
Current areas of NP that are being studied include finding the mass of neutrinos and
explaining the asymmetric property of matter and antimatter. The SM predicts
that neutrinos are massless, however this is not the case as neutrino oscillation has
shown. Similarly, the SM predicts that there should be an equal amount of matter
and antimatter, had this been the case then there would be no observable universe.

One specific case of the SM failing is the decay of the B meson. In recent
experiments from BaBar, it has been found that existing theories are likely flawed
and must be revisited[2]. This is the overarching goal of this thesis, to shed light on
this difficult topic and to make predictions on how this theory can be fixed using NP.
The next chapter goes in more detail on some of the issues with B mesons and why

their properties are so unique[1][4]]5]16][7][8][9][10]|11][12][25]]26][27].
1.2 B Mesons

There are four ways to create a B meson, all four ways can be seen in Table 3.

Particle Symbol | Quark Content | Electric Charge
Positve B Meson BT ih +1
Neutral B Meson BY db 0
Strange B Meson BSU sh 0

Charmed B Meson B cb +1

Table 3. The above table shows the different possible B Mesons, their quark content,

and electric charges.

As stated previously, B mesons are not adequately accounted for in the SM.

11



Unlocking the mysteries surrounding the elusive particle is pivotal in creating NP
and henceforth, particle physics as a whole. This chapter will look deeper into some
of the properties of B mesons and then look at some of the repercussions of such a
particle in the real world. This chapter also introduces the main topic of this thesis
in the form of two processes of the B meson.

The two main processes that this thesis focuses on are B — D*7r~ 7, and B —
D**7 .. The D' and D*" are a classification of D mesons, which are the lightest
particle containing charm quarks. There are five ways to create a D meson, all four

ways can be seen in Table 4.

Particle Symbol | Quark Content | Electric Charge
Positve D Meson D cd +1
Neutral D Meson DY ct 0
Strange D Meson D; cs +1

D Meson D cd +1

D Meson D0 cl 0

Table 4. The above table shows the different possible D Mesons and their quark con-
tent and electric charges. It should be noted that while the first two and last
two entries have the same quark content, the last two entries have different
rest masses, total angular momenta, and the last two also have much shorter

lifetimes than their counterparts.

Each of these processes can be grouped into two larger families that generalize the
lepton, these families are B — D¢~ 1, and B — D**¢~, where { = e, u. The four

body decay of the process B — D** (— D°n) (=i, can be seen in Fig. 10[17][28].

12
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Fig. 3. The above figure shows the Feynman diagram for the three body decay of
B — DWW (= ("),

1.2.1 CKM Mixing Matrix

Within the SM, the strength of the weak interaction in the three generations of
quarks is accounted for by the Cabibbo-Kobayashi-Maskawa (CKM) matrix[29).
This process allows for the up-type quarks to be associated with the down-type

quarks via the mass eigenstates. Formally, this relation is[29]

d/ Vud ‘/;LS Vub d
s =1 Vea Ves Ve s |- (1.1)
v Via Vis Vi b

This CKM matrix describes the probability of a transition from one quark to an-
other quark. This methodology is very important in order to understand CP violation

and this chapter goes through some of the fundamental ideas of this matrix.

1.2.2 CP Violation

Throughout particle physics, the idea of symmetry is heavily relied upon in
order to give an adequate description of various phenomena. For example, earlier in

Chapter One, it was said that one particle’s antiparticle has opposite characteristics,

13



such as charge and parity. The main idea of parity symmetry is that the equations
describing particle physics are invariant under mirror inversion. The main idea of
charge conjugation symmetry is that a particle’s antiparticle has the opposite charge
of the original particle.

These two symmetries in particular can be referred to as charge conjugation (C)
and parity (P) symmetries, or put together, CP symmetry.

Although not obvious, the SM does indeed account for CP violation to an extent.
This occurs when a complex phase appears in the CKM matrix describing quark
mixing. First consider a set of particles x and y, and their corresponding antiparticles
Z and . Next, consider the particle process © — y and the antiparticle process & — ¢
while denoting their amplitudes as M and M, respectively. Prior to the CP violation,
these amplitude terms should have the same complex number. The magnitude and

phase can be separated by|[21]
M = |M|e? (1.2)

where the phase term introduced from the CKM matrices can be denoted by e'?. It
should be noted here that because M is the complex conjugate to M then the phase

is e7*?. The amplitude for the particle case is[21]

M = |M|e'%? (1.3)
and the amplitude for the antiparticle case is

M = |M|ele . (1.4)

These two expressions are only accounting for there being one route to go from

x — y or  — ¥y, however. If there are unrelated intermediate states, such as x —

14



1 — yor x — 2 — y, then the amplitudes take the form[21]
M = | M| et + | M| e%2ei 92 (1.5)
and
M = | M| e e ™ 4 |M,y|et%e 92, (1.6)
The difference between the square of the amplitudes is[28][30]
P — ‘M‘Q — 4| M| | M| sin (61 — 63) sin (61 — o) . (1.7)

Thus, a complex phase gives rise to processes that commence at different rates
for particles and antiparticles, causing CP violation|28][30].

All of the interesting material concerning CP violation happens in the weak
(charged current) interaction when one quark flavor changes into another quark flavor,
qg — W¢', even between different families.

The CP operation changes particles into anti-particles and changes the coupling
constant of ¢ — W ¢/ into its complex conjugate. It turns out that not not all processes

are invariant under the CP operation, and complex numbers can be determined.
1.2.3 Lifetimes and Cross Sections

There are three experimental probes in elementary experimental particle physics.
These are bound states, decays, and scattering. In the relativistic theory, decays and
scattering are well integrated into use. For a decay, it would be helpful to calculate
a physical lifetime of some particle. For scattering, it would be helpful to calculate a
physical cross-sectional area.

In the case of a decay, it is known that from the stationary observer, a moving

particle lasts longer than a particle at rest, where this is due to time dilation. However,
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this does not mean that stationary particles will all last the same amount of time,
thus there appears to be an intrinsically random element within the decay. As a
result or not being able to understand randomness within a particle, an observer
can instead elect to measure the average lifetime of a large sample of particles. The
critical parameter, as a result, is the decay rate, I'. The physical representation of
the decay rate is the probability per time that any particle will disintegrate. Over a
large sample of particles, given as N(t), then NT'dt of them would decay in the next

instant dt. The number of particles can be found by

N(t) = N(0)e ' (1.8)

(1.9)

However, most particles can decay by several routes. As a result, the total decay rate

is the sum of the individual decay rates,

Tioe = Y T (1.10)
=1

and the lifetime of the particle,

1
I‘tot .

T (1.11)

It would also be convenient to calculate the branching ratios, the fraction of all
particles of the given type that decay by each mode. These branching ratios are

determined by

I

BT’Z' =
Ftot

(1.12)

where Br; is the branching ratio for the i*" decay mode.
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1.2.3.1 The Golden Rule and The Feynman Rules for a Toy Model

For both of these physical quantities discussed in the previous section, the am-
plitude and phase space available are the ingredients. The amplitude contains the
dynamical information, and this can be found using Feynman diagrams, and as such,
Feynman rules. The phase space factor contains only kinematical information, where
it depends on the masses, energies, and momenta of the participating particles, thus
reflecting the fact that a given process is more likely to occur the more maneuver-
ability there is in the final state.

The transition rate for a given process is determined by the amplitude, M, and

the phase space according to Fermi’s ”Golden Rule”,
L 27T 2
transition rate = - |M|” x (phasespace). (1.13)
If the assumption is made that there is a particle that decays into other particles,
1—=24+3+44+---+n, (1.14)
then the decay rate given by the formula is|13][21]
0T = | M S «d®p, cd3py . «d®p,
2hmy |\ (27)32FE; (2m)32F;3 (2m)32E,

(2m)*'6" (p1—p2—ps — -+ — D) (1.15)

with the p, terms denoting the four momentum of the respective particle. The delta
functions enforce conservation of energy and momentum. The decaying particle is
presumed to be at rest. Then for each group of j identical particles in the final state,

S is a product of statistical factors %
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1.3 Fields and Propagators

A field is a physical quantity, represented by a number, vector, or tensor, that
has a different value at every point in space. In Quantum Field Theory (QFT), an
elementary excitation of a field is often referred to as the ”quantum of a field”. A
propagator is a concept generally reserved for quantum mechanics and quantum field
theory that denotes a function that specifies the probability amplitude for a particle
to travel from one place to another in a given time, or to travel with a certain energy
and momentum|23][31].

This chapter begins with introducing the concept of currents in the scope of
particle interactions. This provides a reasonable transition to propagators and the
various bilinear covariants. When discussing the fields, there is a brief aside to discuss
each field’s corresponding meson. The chapter then shows the usefulness of bilinear

covariants in the discussion of Fermi’s Golden Rule and V-A theory.
1.3.1 Charged Current and Neutral Current

As one particle interacts with another particle via the weak force, the interaction
between them is typically viewed as an instantaneous result of the mediation of the
weak force. In actuality, as the weak force is being mediated by either the W= bosons
or the Z boson, the process of such an interaction has a specific title given to it. As
the W# bosons are mediating the weak force, the interaction is called a ”charged
current” and as the Z boson is mediating the weak force, the interaction is called a
"neutral current” [18][20].

In order to better explain the role of a neutral current, the characteristics of
neutrinos should first be revisited. The neutrino does not interact with the electro-

magnetic force, because neutrinos have neutral electric charge, or the strong force,
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because neutrinos are not quarks, although it does interact with the weak force.
Through an interaction with a neutrino, assuming the initial and final states conserve
electric charge on their own, the neutral Z boson is required. The Z boson transfers
spin, energy, and momentum, but does not alter the particles’ quantum numbers.
Thus, through the process of a Z boson mediating the weak force, this process does
exchange properties, even without an electric charge, hence the neutral title. The cur-
rent that is being referred to has nothing to do with electricity, but instead referring
to the movement of the Z boson[18]]20][21].

A similar argument can be made for a charged current, the main difference being
the transfer of electric charges and the transfer of a weak interaction charge is present
in the charged current case. The W¥ bosons do have an electric charge, hence the

charged title[18]]20][21].
1.3.2 Propagators

In general, there are only five possible combinations of two spinors and the
gamma matrices that form Lorentz invariant currents, called ”bilinear covariants”.
In Dirac theory, fermions are described as four-component spinor wave functions
upon which 4 x 4 operators I'; apply, which are classified according to their space
reflection properties.

The most general form for the interaction between a fermion and a boson is
a linear combination of bilinear covariants. For an interaction corresponding to the
exchange of a spin-one particle the most general form is a linear combination of vector
and axial-vector bilinear covariants.

Each type of Dirac bilinear must be analyzed in order to find an adequate picture
of NP. Consequently, each type of field should be analyzed in order to understand the

ongoing physics.
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1.3.2.1 Scalar Fields

A scalar field is a function that gives a single value of some variable for every point
in space. In principle, a scalar field provides values not only on a two-dimensional
surface in space but for every point in space. To represent a three dimensional scalar
field, one could create a three-dimensional atmospheric volume element and color it
to represent the temperature variation. The term ”scalar” implies that at any point
there is a number at a specified location rather than a vector[32]. Scalar Mesons

When a meson has total spin equal to zero and has even parity, then the meson
is denoted as being a scalar meson. Scalar mesons can be found with a variety of
masses, ranging from (< 1GeV /c?)[33][34][35] to (> 2GeV /c?) although the upper
mass range generally contain either strange and/or bottom quarks. In this upper mass
range, each have well separated masses, which provides a clear distinction and allows

for easier analysis than the lower mass and intermediate mass ranges|33][34][35].
1.3.2.2 Pseudoscalar Fields

A pseudoscalar is a quantity that behaves like a scalar, except that it changes
sign under a parity inversion while a true scalar does not. One of the most powerful
concepts in physics is that physical laws do not change regardless of the coordinate
system being used to describe said laws. However, when a coordinate system becomes
inverted, a pseudoscalar changes sign. This implies that a pseudoscalar may not be
the best tool to describe a physical quantity.

When a meson has total spin equal to zero and has odd parity, then the meson
is denoted as being a pseudoscalar meson. Out of all the known mesons, the pseu-
doscalar mesons are the most well known, as the mass of many pseudoscalar mesons

have been found to great precision.
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1.3.2.3 Vector Fields

A vector is a quantity which has both a magnitude and a direction in space.
Vectors are used to describe physical quantities such as velocity, momentum, accel-
eration, and force, associated with an object. However, when one tries to describe a
system which consists of a large number of objects, each individual object must have
a vector assigned to it.

In particle physics, when a vector boson is taken to be the quantum of a field,
the field is automatically a vector field. From Table 14 it can be seen that the vector
field is associated with particles that contain a spin 1. In particle physics, the gauge
bosons all have a spin of one. Consequently, it can be seen that gauge bosons interact
via vector fields.

When a meson has total spin equal to one and has odd parity, the meson is

denoted as being a vector meson|306|.
1.3.2.4 Axial Vector Fields

Also referred to as a pseudovector, an axial vector is a quantity that transforms
like a vector under a proper rotation, but in three dimensions gains an additional sign
flip under an improper rotation (such as a reflection). The axial vector is generally
associated with the curl of a polar angle or with the cross product of two polar
vectors|37]. It should be noted that while there exists a distinction between a vector
and axial vector in the convention of naming, an axial vector is still a vector, but
rather a different sub-group of vectors. Without a volume form there is no distinction

between a vector and axial vector.
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1.3.2.5 Tensor Fields

Once the idea of scalar fields and vector fields are understood, the generalization
to tensor fields is simple. Instead of assigning a scalar or vector to each point in space,

as scalar fields and vector fields do, respectively, a tensor field assigns a tensor.

Type S|L |p|J|JF

Scalar Meson 1|1 [(+]0]0O
Pseudoscalar Meson |0 | O |- |0 |0
Vector Meson 1f{o,2]-1(|1
Axial VectorMeson |1 | 1 [+ |1]1°
Tensor Meson 1[1L3]+]2]2°

Table 5. The above table denotes the types of mesons and the corresponding value
of their spin (5), orbital angular momentum (L), parity transformation (P),
total angular momentum (.J), and the combination of the total angular mo-

mentum with the parity transformation (J¥).
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CHAPTER 2

FORMALISM OF B — D®{~y,

In order to examine the angular distribution from the B — D™ ¢~ v, decay, the Ef-
fective Hamiltonian must be found. The relevant kinematics can be seen throughout.
In the presence of NP, the Effective Hamiltonian for the quark level transition

b — ¢~ vy, where { = e, i, 7, can be written in the form[l]

_ AGEV
V2
VR [E’VMPRb] [g")/uPLl/g] + SL [EPLb] [EPLVK} +

Heg [(1+ V) [e9,PLb] [(v* Prie] +

SR [EPR[?] [ZPLVg] + TL [EO’“VPLb] [ZO'/WPLVA (21)

where G is the Fermi coupling constant, V., is the CKM matrix element, P;, =
(1 —v5)/ 2 (projector for negative chiralities), Pr = (1 + ~5)/ 2 (projector for positive
chiralities), and o, = @ [y, 7]/2. It is also assumed that the chirality of the
neutrino is always left. The effective Hamiltonian for the Standard Model assumes

that VL = VR = SL = SR = TL = 0[1]
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2.1 Discussion of B — D/ly,

The angular distribution for the decay B — D7~ ,, with NP operators, can be
written as [1]

2

. m
= 2ND |pD| |:|H0 |2 SlIl2 <9g) + q—; (Ho COS (85) — HtS) 2+

s (((1 + ?—5) + <1 - ?—5) cos (290) |Hr|* -

ﬂgRe [Hyp (H; — Hgcos (00)])] (2.2)

drpP
d q*d cos (6)

Vi

where the helicity amplitudes are given in [1].
2.2 Discussion of B — D*/y,

The complete three-angle distribution for the decay B — D*{D, can be found in
[1]. In the presence of NP, the distribution can be expressed in terms of four kinematic
variables ¢2, two polar angles 6, 0p-, and the azimuthal angle x. The angle 6, is the
polar angle between the charged lepton and the direction opposite to the D* meson
in the (¢vy) rest frame. The angle fp- is the polar angle between the D meson and
the direction of the D* meson in the (D7) rest frame. The angle x is the azimuthal
angle between the two decay planes spanned by the 3-momenta of the (D7) and (¢vy)

systems. These angles are described in Fig. 4.

Fig. 4. The above figure shows the four body decay of B — D** (— D°x+) (=, com-

plete with generalized corresponding angles and planes.)
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2.2.1 Form Factors

A form factor is a way to explain particular properties of a particle interaction
without giving every single detail of the physics. These terms are thus a way to
examine the specific areas of interest while maintaining the integrity of the physical
phenomena in question. The form factors are modified to fit experimental results
so that future experiments can potentially benefit from newfound knowledge. When
form factors do not require an experimental fit, but rather rely purely on symmetry,
the form factors are often given the title of ”clean observables”. Clean observables
are preferred over experimental fits because experimental results rely on imperfect
results that may improve as technology improves.

From Melikhov, et. al. [38], it can be seen that the long distance contribution to
meson decays is contained in the relativistic invariant transition form factors of the
vector, axial-vector, and tensor currents. The amplitudes of the M; — M, transition

induced by the weak ¢ — ¢; quark transition through the vector

Vi = @17u92, (2.3)
axial vector
Ay = 0t (2.4)
tensor
Ty, = @009, (2.5)
and pseudotensor
Ty, = ©10u,754 (2.6)
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currents, have the covariant structures|3§]

(P (Ms, ps) \Vu(O)\P (My,p1)) = f+ (‘12) P+ f- (QQ) Ap, (2.7)

(V (Ma, p2, €) [V (0)|[P (My,p1)) = 29 (6°) €uvase™ piDs, (2.8)

(V (M, po, €) [Au(O)| P (My, p1)) = i € [f (¢°) Gua + @4 (€°) PraPp + 0 (¢°) Pragu]

(2.9)

(P (M3, p2) |1}, (0)| P (My,p1)) = —2is (CI2) (P1uP2v — P1vD2u) 5 (2.10)
<V (M27p27 6) |T;w(0)|P (Mlvpl» =i [g-‘r (q2> Euuaﬁpﬁ+

9~ (q2> 6/“’04/3(]/8 + 9o <q2) plaeuuﬁ’ypfpg] s (211)

where ¢ = p1 — p2 and P = p; + pa. The double spectral densities of the form factors
are obtained by calculating the relevant traces and isolating the Lorentz structures
depending on p; and py. These invariant factors f account for the two-particle sin-
gularities in the Feynman graph.

Following the guideline set forth by Melikhov, et. al. [38], the connection between
known masses and form factors F'y, Fy. fr, V, Ay, A1, As, 11, T3, and T3 can

be determined as linear combinations of the form factors found from the covariant

26



structures above. The linear combinations of the form factors go as

FL= 1, (2.12)

q2
Fo=fv+ 5[ (2.13)

q
FT = — (Ml + Mg) S, (214)
V = (M + My) g, (2.15)
JA— f (2.16)

1 — Ml +M2 ) :

A2 = — (Ml + MQ) ay, (217)
Ao = 5N, (f+d*a+ Ppay), (2.18)
T = —g4, (2.19)
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Ty=~g1—59- (2.20)
Iy
P,
T3 =g — quo (221)

There exists a parameterizing fit function that interpolates the results of the

calculation of the form factors F'y, Fr, V', T}, and Ag that goes as

f(0
fa*) = - 0 — (2.22)
= #) (- o)
M? (aM)2
To achieve the accuracy for the form factors at less than one percent, then the

fit function takes the form

2y _ £(0)
() = (1_&_22> (1_%+%). (2.23)

Then for the form factors Fy, Ay, A, Ts, and T3, the contributing resonances lie

farther away from the physical decay region and the effect of any particular resonance

is smeared out. For these form factors, the interpolation function is

F ) = — SO

2 4
T
MV MV

(2.24)

Finally, using the same parameters as Melikhov, et. al. [38], the form factors for
the transition B — D can be seen in Table 7.
Then using the same parameters as Melikhov, et. al. 38|, the form factors for

the transition B — D* can be seen in Table 8.
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F, | Fy | Fr
f(0)10.6710.6710.69
oy, [0.5710.7810.56

Table 6. The above table shows the values of the form factors during the transition
B—=D.

V |4y | 4L | A | Ty | T, | Ts
f(0)[0.76]0.69 [0.66 |0.62|0.68 |0.68 | 0.33
o, [0.57]0.58]0.78|1.40|0.57|0.64 |1.46
o 0.41

Table 7. The above table shows the values of the form factors during the transition
B — D*.

2.3 Angular Observables in B — D*(y,

One of the most important aspects of analysis in determining the clean observ-
ables from B — D*{v, is examining the angular distribution from the decay process.
The parameters can be determined and then symmetry can be exploited to find clean
observables[39]. This is very important for the future of such studies in B meson
decays[40] [41][42].

The angular distribution of B — D*(— D7) £~ 7, can be found from [1] as

29



ar 9
=N 2 (0p+) (J7
dq?d cos (6,)d cos (0p-)dx 327 " {cos? (0p-) (J7+

J3 cos (26) + J3 cos (6,)) +

sin® (0p+) (J] + J5 cos (20,) + J5 cos (6,)) +

Ji sin? (0p+) sin® (0,) cos(2x) + J{7 sin (20p-) sin (26;) cos(x)+
J3T sin (20p-) sin (0;) cos(x) + JZ sin? (Op-) sin” (6;) sin(2x)+

JJ" sin (20« ) sin (6;) sin(x) + J{ sin (20p-) sin (26,) sin(x) } (2.25)

where the quantity Npg is

2 2 2 2
no [Go oo | IVes g (1_m) 2BI(D*%D7T)]_ (2.26)

3(26) w3m? q?
The angular coefficients can be found in [1].

The differential decay rate can be obtained after performing integration over all

the angles

dT'" 3Ng

e (AL + Ap). (2.27)

The D* meson’s longitudinal and transverse polarization amplitudes are

1
A= (Vo= 3v3) (2:28)
and
v 1o
Ar =2 <V1 — §V2 ) , (2.29)
respectively.
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CHAPTER 3

NUMERICAL ANALYSIS

Thus far in this work, background information and the formalism for B — D®){y, has
been discussed, along with relevant form factors and angular analysis. It is time to put
some of these values to use, just as Duraisamy et. al. did in |1]. This chapter begins
with the discussion of region plots, where the allowed region for complex coupling of
varying currents are found at different confidence levels. The chapter then discusses
scatter plots from the relevant currents. The chapter uses these tools to relate Sec.
and the desired value for the clean observables The chapter concludes with a
summary and discussion on future work. The results here depend on the results from
Rp and Rp-.

The results found throughout are many constants that are found from Tanabashi,
et. al. [43] and the entire Particle Data Group (PDG). The values for the mass of

the relevant gauge bosons given in [43] can be seen in Table 8. The values for three

my (GeV) mz (GeV)
80.379+0.012 |191.1876 + 0.0021

Table 8. The above table shows the masses of the W boson (my) and the Z boson

(mz).

relevant physical constants can be seen in Table 9. It should be noted that g can be

found as

Sm%VGF

g= 5 (3.1)
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Gr (GeV™?) 1 (GeV ps) g
1.1663787x 107 [ 6.582119514 x 107 | 0.652905

Table 9. The above table shows the values for the Fermi coupling constant (Gr), re-
duced Plank constant (k), and the Lande factor (g).

The values for the relevant bottom meson masses and lifetimes can be seen in Table

10. It should be noted that for the vector B meson in Table 11, the neutrally,

Meson | Mass(GeV) |Lifetime (ps)
RO 5.27963 +£ 0.00015 | 1.520 + 0.004

B 5.27932+0.00014 | 1.638 £0.004

B 5.32465 + 0.00025 | 1.520 £ 0.004

Table 10. The above table shows the masses and lifetimes of the neutrally electric

charged B meson (B), the positively or negatively electric charged B meson
(B*), and the vector B meson (B*).

positively, and negatively electric charged vector B mesons yield the same mass to six
significant figures. The values for the relevant charmed meson masses and lifetimes

can be seen in Table 11. Finally, the values for the relevant lepton and quark masses

Meson | Mass (GeV) Lifetime (ps)
D° 1.86483 + 0.00005 | 0.4101 +£0.0015

D* 1.86965 + 0.00005 | 0.1040 +0.007

D™ [2.01026 + 0.00005 |(7.89 +0.17)x 107°

D% |2.00685 + 0.00005 >3.1x10710

Table 11. The above table shows the masses and lifetimes of the neutrally electric
charged D meson (D°), the positively or negatively charged D meson (D¥),
the positively or negatively electric charged the vector D meson (D**), and

the neutrally electric charged vector D meson (D*?).

can be seen in Table 12.
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Particle | Average Mass (GeV)
7 (Lepton) 1.776860 + 1.20
b (Quark) 4.18 + 0.04
¢ (Quark) 1.275 + 0.035

Table 12. The above table shows the masses of the 7 particle (7), the bottom quark
(b), and the charm quark (c)

3.1 Region Plots

It is important to determine what values can be expected from the model to
gain insight into what the actual measured data may be. This is the premise behind
Confidence Intervals (CI). In other words, the CI indicates a range of values that
is likely to encompass the true value. The range that constitutes the CI contain an
upper and lower limit that are called Confidence Limits (CL). If CIs are created using
a given CL from an infinite number of independent sample statistics, the proportion
of those intervals that contain the true value of the parameter will be equal to the
CL|[44].

One method in particle physics that employs use of Cls is Rp/Rp+ anomalies|3].
Writing out Rp) is done by creating a ratio of branching ratios for one particular

decay over the branching ratio for general decays of the same form,

Br (B — D®r )

R *) — .
PY " Br(B — D@ 1y)

(3.2)

The predictions made by the SM are very different than what is found in experi-

mental data. This points to the possibility of NP and should be investigated[3]. The
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upper CL for Rp- is dependent on the standard deviation ¢ and is found by

where d denotes a change, or more appropriately, an error. The lower CL for R is

then
Rpey (o) = Rp- — d Rp~o. (3.4)
The upper and lower CLs can also be found for Rp, they are
Rpwn)(0) = Rp+dRpo (3.5)
and
Rpw) (o) = Rp —dRpo, (3.6)

respectively. The physical meaning of this ¢ is very important, while it does represent
a standard deviation, it is generally accepted that all data lies within three standard
deviations of the mean. However, in particle physics, in order to qualify as a discovery,
there must be a five sigma confidence level|44].

From Hirose and the Belle Collaboration[45] the measurement of the upper and

lower bounds for Ry is

Rp« =0.316 £0.019 (3.7)
and the measurement of the upper and lower bounds for Rp is

Rp = 0.397 £ 0.049. (3.8)

The experimental results of Rp« in Eq. (3.7) and Rp in Eq. (3.8) are used to

constrain different NP couplings in the Hamiltonian in Eq. (2.1).
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When the Dirac bilinear for the left handed vector current is plotted in a region

that bounds 20 and 30, the result can be seen in Fig. 5. When the Dirac bilinear

-2.0 -1.5 -1.0 -0.5 0.0
Re[V,]

Fig. 5. The above figure shows the Dirac bilinear for the left handed vector current

applying to the Rp ratio.

for the right handed vector current is plotted in a region that bounds 20 and 3o, the
result can be seen in Fig. 6.  When the Dirac bilinear for the left handed scalar
current is plotted in a region that bounds 20 and 30, the result can be seen in Fig.
7. Finally, When the Dirac bilinear for the left handed tensor current is plotted in

a region that bounds 20 and 30, the result can be seen in Fig. 8.
3.2 Moving Forward

With the main contributions from , this section allows for the numerical
findings of clean observables. These values do not rely on models or form factors, and

are instead purely based on symmetry.

35



Ve

_ ¢
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Re[Vg]

Fig. 6. The above figure shows the Dirac bilinear for the right handed vector current
applying to the Rp ratio.

3.2.1 Clean Observables

The clean angular observables that are studied in this thesis are Pj, P!, and F;.
Then, the connection between the angular coefficients V' and the clean observables

P;, P!, and P} are [39

J
a:amfazvf%ﬁ, (3.9)

J
g:&m+a=7%%ﬁ, (3.10)

and

J30T
P.=P\/1—P = ——————. 3.11
N S (311

These angular observables are extensively studied in B — K*u*u~. The observ-

ables are expected to have low uncertainties from various theoretical inputs, such as
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Re[s,]

Fig. 7. The above figure shows the Dirac bilinear for the left handed scalar current
applying to the Rp ratio.

form factors. Hence, they are expected to be theoretically clean observables and a
good place to searcg for NP. These observables depend on NP couplings, there we
expect they may have different sensitivities to different NP structures. This analysis

will be done in the future.
3.3 Discussion

In this thesis, theoretical background material of the Standard Model, B mesons
and relevant properties, and fields and propagators were summarized in chapter one.
In chapter two, the formalism of B — D¥7~ 7, was summarized, along with kine-
matics, angular distributions, and form factors. The chapter concluded with the
discussion of B — K*u*pu~ and how the angular analysis done here can be used to
find desired clean observables, which are dependent on the results from Rp and Rp-.

The clean observables allow insight into physics beyond the Standard Model.

Although this is one small piece to the puzzle, the material is important for further
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0.2t

0.1t

Fig. 8. The above figure shows the Dirac bilinear for the left handed tensor current
applying to the Rp ratio.

investigations.
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